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ABSRTACT 20 
The use of SO2 via the sulfitation process for the production of plantation white sugar is 21 
discouraged in many countries because of the health risks surrounding the consumption of 22 
contaminated sugar containing residual sulfur.  Other current options based on the modification 23 
of crystallisation schemes are not effective to remove certain colourants that are relatively 24 
difficult to remove by sugar refiners.  This work evaluated the degradation and decolouration 25 
of mixtures containing a synthetic glucose-glycine melanoidin and three hydroxycinnamic 26 
acids (HCAs - caffeic, p-coumaric, and ferulic acids) present in sugar solutions, and sugar cane 27 
factory juices by the Fenton and modified Fenton processes.  The modified Fenton process 28 
(containing Al(III)) degraded the melanoidin and the HCAs by 69% and 53% respectively, and 29 
resulted in 43% decolourisation of the sugar solution.  In the absence of Al(III), the Fenton 30 
process resulted in 63% and 47% degradation, but with only 24% decolourisation.  With factory 31 
juices, there were increases in colour measured at pH 4.0 (≤ 45%) and pH 7.0 (≤ 21%).  32 
However, there were decreases in colour at pH 9.0 (≤ 42%).  Colour measured at pH 4.0 33 
suggests the presence of high molecular weight colourants, while colour at pH of 9.0 is due the 34 
presence of natural colourants such as flavonoids and phenolics.  A higher proportion of the 35 
colour measured at pH 9.0 is more than likely to be transferred to the sugar crystal than the 36 
other colour species, and so a reduction in its proportion in the crystallising solution may reduce 37 
raw sugar colour. 38 
KEYWORDS: clarification, decolourisation, degradation, Fenton process, melanoidin, sugar 39 
cane juice. 40 
 41 
  42 
INTRODUCTION 43 
Increasing competition in the world sugar market is the primary reason for continuous 44 
improvement in existing techniques as well as development of new technologies for the 45 
production of better quality sugar.  In the Australian sugar cane industry a potential export 46 
market, in excess of 1 Mt per year, exists for lower colour sugar if it can be produced 47 
economically. 48 
In raw sugar manufacture, colour of the sugar streams from the various processing stages is 49 
high but is significantly reduced during crystallisation.  The colour and colour precursors 50 
coming in with the sugar cane supply, the residence time and temperature of the sugar streams 51 
at each processing stage, juice and syrup pH, and the amounts of reducing sugars and organic 52 
acids and other impurities, all contribute to the amount of colour that result in product sugar.  53 
Colour precursors are dominant in mill juice; melanoidins are dominant at the earlier 54 
evaporation stages of the sugar manufacturing process; while alkaline degradation products 55 
and caramels are formed in the later pan stages.  Colour precursors are not removed during 56 
juice clarification and polymerise to high molecular weight coloured polymers which 57 
subsequently contribute to colour in raw sugar (Lindeman and O’Shea, 2001). These 58 
compounds are usually categorised under two groups: nitrogenous (e.g., amines and amino 59 
acids) and phenolic compounds (e.g., cinnamic and benzoic acid derivatives). 60 
Numerous technologies have been developed over the decades to achieve efficient and 61 
effective decolourisation of sugar cane process streams at a reasonable cost, in order to produce 62 
low coloured raw sugar.  Apart from the crystallisation process, there are very few technologies 63 
and modifications to current processes that can significantly and economically reduce colour, 64 
except for the use of SO2 (1-3).  The use of SO2 via the sulfitation process for the production 65 
of plantation white sugar is discouraged in many countries because of the health risks 66 
surrounding the consumption of contaminated sugar containing residual sulfur (6–30 mg/kg) 67 
(4).  The options that are in current use in Australian sugar factories for colour removal in raw 68 
sugar include double purging (i.e., washing) of sugar crystals and modification of 69 
crystallisation boiling schemes.  These treatment options are not so effective with high 70 
molecular weight colourants and require additional refining in order to obtain white sugar (5). 71 
Different methods that have been trialled to treat sugar cane process streams for colour removal 72 
include clarification techniques (6), air flotation (7), membrane filtration (8), chemical 73 
precipitation  (9), ion exchange resins (10) and activated carbon adsorption (11).  A major 74 
disadvantage that sugar manufacturers face is that most of the aforementioned processes are 75 
colour selective and are not effective in removing certain types of colourants.  To overcome 76 
this, combinations of two or more processes are usually required to produce the best low colour 77 
raw sugar (12).  However, the option of using combinations of technologies is expensive and 78 
not viable for raw sugar manufacturers. 79 
In the last decade or so, there has been an increasing trend towards the evaluation of chemical 80 
additives as alternatives to reduce or inhibit colour formation during sugar processing.  These 81 
include the use of sulfurated and chlorinated compounds (13), ozone (14), hydrogen peroxide 82 
(H2O2) (15) and ferric ion (Fe(III)) in conjunction with endogenous proteins (16).  Advanced 83 
oxidation processes (AOPs) have gained focus as alternatives to conventional methods for the 84 
treatment of organic dyes (17) and industrial wastewaters (18).  However, these technologies 85 
have received limited attention on their ability to decolourise sugar process streams and remove 86 
impurities that impact on the sugar manufacturing processes.  An example, of this is the 87 
activation of H2O2 using ferrous iron (Fe(II)), typically referred to as the Fenton oxidation 88 
process.  It is an attractive process for its low capital costs and ease of application. 89 
Recent work by the authors (19) examined degradation efficiencies and behaviours of 90 
hydroxycinnamic acids (HCAs) (caffeic acid (CaA), p-coumaric acid, (pCoA) and ferulic acid 91 
(FeA), all in which are common colour precursors in sugar cane juice, by the Fenton oxidation 92 
process.  Results showed that sucrose was the most influential parameter that affected the 93 
degradation the HCAs, and that the degradation behaviour of CaA differed from those of pCoA 94 
and FeA.  However, as a result of the numerous degradation products formed, and the presence 95 
of high residual HCAs remaining, it was concluded that the Fenton process on its own would 96 
not effectively reduce colour precursors and colourants in factory sugar cane juice.  As 97 
aluminium is known for its pro-oxidant activity, and so can enhance the Fenton process by 98 
reducing Fe(III) to (Fe (II) and decolourise solutions, under the presence of a superoxide (20, 99 
21), the present study examined the degradation and decolourisation of a complex mixture of 100 
a synthetic melanoidin and the HCA mixture of CaA, pCoA and FeA using a modified Fenton 101 
process consisting of Fe(II), Al(III) and H2O2.  The work was then extended to include the 102 
decolourisation and clarification of sugar cane juice using the modified Fenton process. 103 
  104 
MATERIAL AND METHODS 105 
Reagents and Solvents 106 
Sucrose, fructose, glucose, lactose, CaA, pCoA and FeA were obtained from Sigma-Aldrich 107 
(St Louis, MO, USA).  Sodium hydroxide, sodium acetate, sulphuric acid, hydrogen peroxide  108 
(H2O2, 30% w/w), acetic acid (glacial), lead acetate and ferrous sulphate heptahydrate 109 
(FeSO4·7H2O were purchased from APS Ajax Finechem (Seven Hills, NSW, Australia).  110 
Absolute ethanol, aluminium chloride hexahydrate (AlCl3·6H2O) and glycine were supplied 111 
from Merck (Darmstadt, Germany).  Celite 577 (diatomaceous earth) was obtained from World 112 
Minerals (Santa Barbara, CA, USA).  All chemicals were of the highest purity grade available 113 
and were used as supplied without further purification. 114 
Stock solutions of hydroxycinnamic acids, HCAs (i.e., CaA, pCoA and FeA) were prepared 115 
individually by dissolution in degassed ethanol solution (50% (v/v)) and stored at 4.0 °C in the 116 
absence of UV light. 117 
Specification of Samples 118 
Composite sugar cane juices, over a period of 24 h, were collected from the processing lines 119 
(No. 2 Mill juice, mixed juice and primary juice) at Isis Central Sugar Mill (Childers, QLD, 120 
Australia). 121 
Preparation of Synthetic Melanoidin 122 
The synthesis procedure used for the preparation of a synthetic melanoidin was adapted from 123 
Shore et al. (22).  Glucose (72 g) and glycine (30 g) were dissolved in water (60 mL) and 124 
incubated at 50 °C for 72 h.  The resulting co-polymer was then stored at 4.0 °C. 125 
  126 
Preparation of Lime Saccharate 127 
Lime saccharate used for juice clarification was obtained directly from the Isis Central Sugar 128 
Mill factory.  The mixture of lime saccharate typically consists of 100 g of 20% (w/w) calcium 129 
oxide solution and 100 g of 68 °Bx factory syrup.  It contains both soluble and sparingly soluble 130 
calcium saccharate species to remove suspended and colloidal particles as well as non-sugar 131 
soluble impurities that contribute to colour formation in raw sugar. 132 
Preparation of Flocculant 133 
Magnafloc LT340, (degree of hydrolysis 27%, MW of 18 ×106 Da) was best prepared by 134 
dispersing and dissolving the flocculant powder in Milli-Q water (adjusted to pH 8.0–8.5 using 135 
0.1 M NaOH) under gentle stirring at a low shear rate (50 rpm) for 3 h.  The powder was added 136 
at a rate which allowed good dispersion to ensure each flocculant particle is hydrated to prevent 137 
agglomeration.  The flocculant solution (0.5% w/v) was stored at 4.0 °C.  The solution was 138 
diluted further to 0.1% (w/v) before being added to hot limed sugar cane juice. 139 
Design of Experiments for Melanoidin-HCA Mixtures 140 
Design of experiments, mathematical modelling and optimisation of process parameters were 141 
evaluated using the Stat-Ease, Inc. Design-Expert 7.0.0 software package (Minneapolis, MN, 142 
USA).  The process parameters (independent variables) used in this study were the melanoidin 143 
concentration (x1), the initial total HCA concentration (x2), the solution pH (x3), FeSO4·7H2O 144 
dosage (x4) and the AlCl3·6H2O (x5).  The selected response factors (dependent variable) for 145 
optimisation were % melanoidin degradation (y1), % total HCA degradation (y2) and % 146 
decolourisation (y3).  Sucrose concentration and temperature parameters required no further 147 
optimisation and remained constant at 15% (w/w) and 35 °C respectively, to closely mimic 148 
conditions of mixed juice during the sugar manufacturing process.  The coded and actual values 149 
of each variable and their levels for the experimental design used in the study are shown in 150 
Table 1. 151 
The design consisted of a 2k factorial augmented by 2k axial points and a centre point, where k 152 
is the number of factors investigated (k = 5).  For this study, when the one-half fraction is used 153 
in the factorial portion of the circumscribed central composite design (CCD), a total of 32 154 
experiments were conducted in random order with 16 factorial points, 10 axial points and  155 
1 centre point (duplicated 5 times).  Duplicate runs were required for experimental error 156 
calculation.  Analysis of variance was used for model adequacy and analysis of the 157 
experimental data.  The quality of the fit polynomial model was expressed by the regression 158 
coefficient, R2 and its statistical significance was checked using Fisher’s F-test. 159 
Modified Fenton Oxidation Process 160 
Each reaction was carried out in 10 mL scintillated reaction vessels housed in an Pierce Reacti-161 
Therm heating/stirring module (Rockford, IL, USA) with continuous magnetic stirring (280 162 
rpm).  In each run, a predetermined amount of Milli-Q water (18.2 MΩ/cm), melanoidin, 163 
sucrose and each HCA (equivalent mg/L concentration) were added to the reaction vessel.  164 
Known amounts of FeSO4·7H2O, AlCl3·6H2O and H2O2 solutions were added to achieve a 165 
final volume of 50 mL, while maintaining the working Fenton molar ratio (Fe(II)/H2O2) at 1:15 166 
as determined by the authors (19).  The final sucrose concentration in each mixture was 15% 167 
(w/w).  At 2 min, the reaction was immediately quenched by neutralising the mixture to a pH 168 
of 7.0 with 2.0 M NaOH and stored at –80 °C.  Samples were defrosted and prepared for 169 
instrumental analysis. 170 
 171 
 172 
Instrumental Procedures and Analyses 173 
HPLC-DAD/FLD.  The proportion of each HCA and melanoidin degraded were monitored by 174 
reversed-phase high-performance liquid chromatography with diode array detection  175 
(HPLC-DAD) and fluorescence detection (FLD).  The analysis was performed on a Hewlett 176 
Packard HP/Agilent 1100 Series HPLC system (G1379A micro-degasser, Japan; G1311A 177 
quaternary pump, Germany; G1313A Automatic Liquid Sampler (ALS), Germany; G1315B 178 
DAD, Germany; G1321A FLD, Germany) using a Waters Symmetry C18 column (150 × 3.9 179 
mm i.d.) with a Waters Guard-Pak guard holder containing a Waters Guard-Pak Resolve C18 180 
guard insert (10 μm) (Milford, MA, USA).  The mobile phase consisted of 1.0% (v/v) acetic 181 
acid in water (as eluent A) and methanol (as eluent B).  The gradient program was as follows: 182 
0% B to 10% B (1 min), 10% B to 20% B (1 min), 20% B to 25% B (3 min), 25% B to 50% B 183 
(15 min) and 50% B to 20% B (5 min).  Simultaneous UV/Vis detection at specific wavelengths 184 
(280 nm and 320 nm) subtracted against a reference wavelength (620 nm).  Fluorescence 185 
detection was performed at an excitation wavelength (λex) of 350 nm and an emission 186 
wavelength (λem) of 445 nm.  Aliquots of samples were membrane filtered (0.45 μm) prior to 187 
injection into the HPLC system.  Injection volume for all samples was 50 μL; column 188 
temperature was ambient; flow rate was 1.0 mL/min and run time was 25 min.  After each run, 189 
the chromatographic system was equilibrated for 5 min.  Data acquisition was performed using 190 
the Agilent ChemStation (Rev. A.09.03) software package.  Identification of peaks was based 191 
on the conformance of UV/Vis spectra and retention times with the corresponding authentic 192 
standards. 193 
HPAEC-PAD.  Sucrose and reducing contents in the reactions were monitored by HPAEC-194 
PAD.  Sample preparation and chromatographic conditions are described in the previous article 195 
by the authors (19). 196 
Degradation and decolourisation determination 197 
The efficiency of the modified Fenton process on the degradation of the CaA, pCoA and FeA 198 
was determined individually based on the change in absorbance of the corresponding HPLC 199 
chromatographic peak at 2 min divided to the peak of the initial HCA multiplied by 100. 200 
The degradation efficiency of the melanoidin was determined on the basis of the changes in 201 
luminescence of the corresponding HPLC chromatographic peak using Equation 1: 202 
0
0
% Melanoidin degradation = 100tL L
L
    
 
(1) 
where, L0 initial luminescence of melanoidin in LU (at t = 0 min) 203 
 Lt luminescence of melanoidin in LU at time of aliquot taken  204 
  (at t = 2 min) 205 
The decolourisation efficiency of the synthetic mixtures was determined based on the change 206 
in colour (refer to the section on colour determination) of the mixtures prior to oxidation and 207 
at 2 min, using Equation 2.  208 
0
0
% Decolourisation = 100tColour Colour
Colour
    
 
(2) 
where, Colour0 initial colour of the mixture in IU (at t = 0 min) 209 
 Colourt colour of the mixture in IU at time of aliquot taken  210 
   (at t = 2 min) 211 
 212 
 213 
Clarification Procedure for Sugar Cane Juice 214 
Clarification experiments were conducted in a heated and illuminated clarification test kit 215 
designed by Sugar Research Institute (Brisbane, QLD, Australia).  Each tube is of 1.0 L 216 
capacity with dimension of 460 × 55 mm i.d.  The method of clarification was simple 217 
defecation and typically involved liming to pH 7.8 at 76 °C, followed by boiling and settling 218 
inside the settling tubes.  The flocculant, Magnafloc 340, dosage equivalent of 3 mg/kg of juice 219 
was applied prior to settling in the tubes.  The initial settling rate (cm/min) was obtained from 220 
the graphical analysis of the initial linear slope.  As the floc aggregates were unstirred, the mud 221 
heights were not indicative of values obtained in commercial clarifier. 222 
Turbidity Measurement 223 
Absorbance measurements were conducted spectrophotometrically at 900 nm (A900) on a GBC 224 
Scientific Cintra 40 double-beam UV/Vis spectrophotometer (Braeside, VIC, Australia) using 225 
cells of 1.0 cm path length.  The turbidity was measured in triplicate and calculated as 226 
100×A900, in terms of turbidity units (TU).  The error for the turbidity determination was ± 227 
0.5%. 228 
Pol, Dry Substance and Purity Measurements 229 
The apparent sucrose content in juice (i.e., pol) was calculated by double polarisation 230 
measurements performed on a Schmidt Haensch Polartronic Universal digital polarimeter 231 
(Berlin, Germany) according to a standard procedure adapted from the Bureau of Sugar 232 
Experiment Stations (BSES) (23).  Juice samples were clarified with lead acetate, followed by 233 
pol measurements of the filtered clarified solutions (before and after sucrose inversion with 234 
HCl).  The pol expressed as % (w/w) is calculated from the change in polarisation between the 235 
plain and inverted sugar solutions. 236 
The dry substance procedure used to determine water and/or total solids in juice is also adapted 237 
from a procedure by the BSES (24).  Coiled strips of Whatman No. 4 chromatography paper 238 
(600 × 50 mm) were saturated in juice and dried in vacuo at < 7 kPa for 12 h in an oven at 65 239 
°C.  The loss of sample after drying indicates the amount of water in the juice sample.  The 240 
purity of juice samples is expressed as a percentage of pol on DS as shown in Equation 3. 241 
polPurity (%) = 100
DS
  (3) 
Colour measurement 242 
Celite 577 (7.5 g) was suspended in 50 mL of juice and stirred magnetically for 10 min at 243 
ambient temperature.  The adsorbed fine particles present in the suspension were removed by 244 
vacuum filtration.  The filtrate was diluted to an appropriate absorbance range and membrane 245 
filtered (0.45 um) before adjusting the pH to 4.0 using 0.01 M HCl, and pH 7.0 and pH 9.0 246 
using 0.01 M NaOH. Absorbance measurements were conducted spectrophotometrically at 420 247 
nm (A420) using cells of 1.0 cm path length.  Data acquisition was performed using the GBC 248 
Spectral 1.50 software package.  The resulting colour of each sample was calculated as: 249 
4201000% Colour (IU) = 
Cell Length  Sucrose Concentration
A
  
(4) 
The total soluble solids (TSS) of the juice and refraction index (RI) of the filtrate were measure 250 
at ambient temperature using the Bellingham and Stanley REM 342 refractometer (Tunbridge 251 
Wells, UK), accurate to ± 0.01 oBx and ± 0.000001 RI units respectively. The RI values were 252 
used to determine the corresponding concentration of sucrose in solution (g/mL) based on 253 
Table XII in the BSES Laboratory Manual for Australian Sugar Mills (25).  Inorganic ions 254 
were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) 255 
using a Varian Vista-MPX CCD simultaneous ICP-OES instrument (Mulgrave, VIC, 256 
Australia).  All measurements were conducted in triplicate.  The error for the TSS 257 
determination was ± 0.5%. 258 
 259 
  260 
RESULTS AND DISCUSSION 261 
Monitoring Melanoidin and Hydroxycinnamic Acid Degradation 262 
The reversed-phase HPLC analyses show that the melanoidin components were eluted between 263 
tR = 0.85–5.0 min (Figure 1), while the HCAs were eluted between tR = 8.5–13.5 min  264 
(Figure 2).  The FLD method is a far more superior detection method than the DAD method 265 
for the monitoring of melanoidins and humic-like substances, as evident from the 266 
chromatograms shown in Figures 1 and 2 (26).  However, the latter detection method is more 267 
sensitive for the monitoring the HCAs. 268 
Figure 1 shows that the synthetic glucose-glycine melanoidin consists of several products 269 
which are relatively polar in comparison to the non-polar HCAs.  A distinctive large peak prior 270 
to oxidation (t = 0 min) at tR = 2.11 min was chosen to monitor the degradation of the 271 
melanoidin.  At 2 min, the peaks at tR = 1.79 and 2.11 min at tR = 1.79 min are reduced in size.  272 
However, the peak at tR = 1.18 min increased in size.  This probably suggests that the 273 
components associated with tR = 1.79 and 2.11 min are oxidised to polar compounds at 2 min.  274 
On the other hand, a large response was observed for the peak at tR = 1.18 min after oxidation.  275 
This suggests that the two components of the melanoidin present at t = 0 are being oxidised to 276 
form polar compounds. 277 
Transformation of Data, Regression Modelling and Statistical Analysis 278 
Non-linearity of normal probability plots of residuals for the fitted models of melanoidin and 279 
total HCA degradations were resolved via Box-Cox power transformation.  The optimum λ 280 
values determined by the minimum of the curve of the Box-Cox plots for the degradation of 281 
the melanoidin and total HCA were –3.00 and –0.35 respectively.  The fitted model for 282 
decolourisation did not require any data transformation (λ = 1.00) as the internally studentised 283 
residual points resembled a linear curve.  The data for all fitted response surface models show 284 
good correspondence to a normal distribution and validated the normality assumption. 285 
On the basis of the sequential model sum of squares (Type I), the power transformed response 286 
surface models for melanoidin degradation (y1) and total HCA degradation (y2); as well as the 287 
response surface model for decolourisation (y3) were selected based on the highest order 288 
polynomial, where the additional model terms were significant and the models were not aliased.  289 
The data obtained for obtained for the melanoidin and total HCA responses fit a two-factor 290 
interaction (2FI) function, while the data for the decolourisation of the mixtures fits a quadratic 291 
polynomial function.  Selection of significant coefficients and removal of unimportant model 292 
terms for each model were identified on the basis of ANOVA statistics and stepwise regression 293 
at an alpha-to enter and alpha-to-exit significance level of 0.1 294 
The independent variables in the models were initial melanoidin concentration, initial total 295 
HCA concentration, solution pH, FeSO4·7H2O (Fe(II)) concentration and AlCl3·6H2O (Al(III)) 296 
concentration; and are coded A, B, C, D and E respectively.  The final empirical quadratic 297 
equation for melanoidin degradation (%) in terms of coded factors for each response after the 298 
exclusion of the insignificant model terms (p > 0.1000), unless retained to make the models 299 
hierarchical, is shown: 300 
(y1)–3 = 3.447 × 10–6 – 1.614 × 10–7A + 1.286 × 10–7B 
+1.764 × 10–7C – 8.041 × 10–8D – 1.853 × 10–8E 
+ 1.938 × 10–7AE + 2.606 × 10–7CD + 1.362 × 10–7CE 
– 4.267 × 10–7DE 
(5) 
The predicted R2 is 0.54 and the adjusted R2 is 0.7.  On the basis of equation 5, the first order 301 
model terms show that the degradation efficiency of the melanoidin increases with increasing 302 
initial melanoidin concentration but decreases with increasing initial HCA concentration and 303 
higher solution pH.  There are marginal benefits on the degradation of the melanoidin at the 304 
dosages of Fe(II) and Al(III) used.  The result therefore suggests that these salts, at the selected 305 
concentrations, degraded up to 2,000 mg/L melanoidin in 15% sucrose solution.  The 306 
perturbation plot (Figure S1), indicated that the Fenton reagent is more effective than Al (III) 307 
to degrade melanoidin.  The conclusion drawn the second order terms is that Al(III) contributes 308 
to the degradation of the melanoidin, only to a small extent, with changing initial melanoidin 309 
concentration or solution pH. 310 
The equation for total HCA degradation (%) is: 311 
(y2)–0.35 = 0.26 + 1.094 × 10–3A – 1.207 × 10–4B + 1.219 × 10–3C 
– 2.202 × 10–3D + 5.081 × 10–4E + 1.737 × 10–3AC 
– 4.064 × 10–3AD + 1.926 × 10–3BD – 2.491 × 10–3BE 
(6) 
 312 
The predicted R2 is 0.59 and the adjusted R2 is 0.73.  The first order terms show that with 313 
increasing initial Fe II concentration the degradation of HCA increases. However, increasing 314 
the initial Al(III) concentration does not enhance HCA degradation.  Hence, it can be concluded 315 
that that the removal of HCAs (or other similar phenolic compounds) is primarily attributable 316 
to only the Fenton process.  Increasing the solution pH would result in the deactivation of the 317 
radicals required to regenerate and maintain the oxidation process. 318 
The equation for solution decolourisation (%) is: 319 
(y3) = 13.78 + 12.06A – 1.49B + 7.11C – 9.66D – 3.34E 
+ 14.83AE + 23.60BC – 16.89BD – 12.99BE + 9.12CD 
– 13.28DE – 10.78A2 + 3.89E2 
(7) 
The predicted R2 is 0.76 and the adjusted R2 is 0.90.  As expected the initial melanoidin 320 
concentration and pH influenced the extent of decolourisation.  The second order interactions 321 
of the initial melanoidin and the initial Al(III) concentration, and the initial HCA and solution 322 
pH and initial Fe(II) concentration impacted positively to decolourisation, whereas the 323 
interactions of the initial HCA and Fe(II) and those of initial Al(III) concentration with either 324 
HCA or Fe(II) contributed negatively to decolourisation process. This means that at certain 325 
initial AlCl3·6H2O concentration, the salt acts either a decoloursing agent or promotes colour 326 
formation.  To obtain a clearer representation of the effect of the initial Al(III) concentration, 327 
and the initial Fe(II) concentration, graphical representations of equation 8 was conducted in 328 
the form of 3D surface plots (Figure S2). 329 
When the initial melanoidin and Al(III) concentrations were varied, whilst the other variables, 330 
namely pH and temperature were kept constant (Figure S2a), at 331 
100 mg/L of AlCl3·6H2O, the decolourisation of the mixture reduced at initial melanoidin 332 
concentrations of ≥ 1000 mg/L.  However, additional colouring is obtained at higher dosages 333 
of AlCl3·6H2O with an initial melanoidin concentration of 500 mg/L.  This may indicate that 334 
residual Al(III) may be forming complexes with other components in the system (27, 28).  335 
However, with a 300 mg/L dosage of AlCl3·6H2O, the decolourisation efficiency increases 336 
smoothly with an increase in melanoidin concentration, suggesting that Al(III) is being 337 
consumed and contributing to the removal of the melanoidin in the mixture.  However, excess 338 
dosages of Al(III) can also give the reverse effect where colour is added into the system (e.g., 339 
300 mg/L AlCl3·6H2O and 500 mg/L melanoidin) (Figure S2a). 340 
Excess Fe(II)/Fe(III) also affects the decolourisation performance of the modified Fenton 341 
process despite degradation of the melanoidin and the HCAs.  Increasing Fe(II) dosage may 342 
improve the oxidative degradation of the colour precursor and colourants in the system.  343 
However, excess Fe(II)/Fe(III) can react with non-reacted HCAs forming coloured complexes 344 
(Figure S2b).  For optimal decolourisation performance, lower dosages of Fe(II) should be used 345 
even if the degradation efficiencies of the melanoidins and HCAs are reduced.  However, as 346 
shown in Figure S2c, the effects of Al(III) on the modified Fenton process with initial HCA 347 
concentration indicated that Al(III) decolourises the system.  Increasing dosages of Al(III) 348 
significantly improves the decolourisation extent up to 45% at an initial concentration of 50 349 
mg/L total HCA and up to ca. 15% at an initial HCA concentration of 150 mg/L.  This suggests 350 
that there is a combined effect between Fe(II)/H2O2 and Al(III).  The Fenton process alone 351 
rapidly oxidises and degrades the components within the system while the Al(III) acts as an 352 
adsorbent/decolourising agent by removing the coloured products within the system (29). 353 
To investigate the combined effects of Fe(II) and Al(III), the two key variables were compared 354 
against each other (Figure S2d).  It was evident that for effective decolourisation of the 355 
melanoidin-HCA system, lower Fe(II) dosages and higher Al(III) should be used. 356 
Optimisation of the Degradation Process 357 
Numerical optimisation was performed on the basis of the desirability function to determine 358 
the optimum process parameters for the models developed for melanoidin degradation, HCA 359 
degradation and decolourisation.  Multi-response optimisation was only used for the responses 360 
of the melanoidin and HCA degradation because both models are of the same function, 2FI.  361 
Meanwhile, the quadratic model for decolourisation was optimised and validated separately. 362 
In order to confirm the accuracy and robustness of the predicted models and assess its reliability 363 
to predict the degradation of the melanoidin and the HCAs as well as decolourisation, 364 
additional experiments were carried out under those conditions.  For this study, the desirability 365 
functions for the two degradation models were combined into one value (Table 2).  The 366 
experimental values of the additional experiments agree well with the predicted values (in 367 
parentheses) deduced from each of the three models.  The low error in the experimental and 368 
predicted values indicates good agreement of the results. 369 
The initial pHs of the solutions in Table 2 arise because of the initial concentrations of the 370 
reactants.  Under the optimum condition, the highest concentrations of FeSO4·7H2O and 371 
AlCl3·6H2O resulted in the maximum degradation of the melanoidin and the HCA.  However, 372 
this is not significant with regard to the melanoidin degradation when compared to the order 373 
scenario.  The optimum condition also resulted in the highest percentage of degraded HCA, 374 
though only marginal to the Fenton only scenario.  The predicted HCA degradation of value of 375 
42% obtained under the worst case scenario is likely to be associated to the higher pH of 6.0 376 
as a proportion of the reagents will be deactivated at pH levels ≥ 5.50. 377 
The degradation of these compounds does not necessarily imply that decolourisation occurred, 378 
and so both optimisation and model verification for the decolourisation process was carried out 379 
(Table 3).  The small difference between the experimental and predicted values and the 380 
reasonably high desirability values (≥ 0.825) indicate good agreement of the results. 381 
It is obvious that in the worst case experiment, the higher dosages of FeSO4·7H2O and 382 
AlCl3·6H2O resulted in colour formation.  At a pH of 5.3, using 289 mg/L FeSO4·7H2O and 383 
322 mg/L AlCl3·6H2O, 43% decolourisation was achieved.  The predicted melanoidin and total 384 
HCA degradation under the optimum decolourisation experiments were 62% and 47%, 385 
respectively.  A significant decrease in decolourisation performance was observed under the 386 
same conditions in the absence of AlCl3·6H2O with only 24% decolourisation achieved.  387 
Therefore, so while the Fenton process is essential for the breakdown of colour and colour 388 
precursor compounds, while the presence of Al(III) aids in colour removal. 389 
Sugar Cane Juice Clarification Results 390 
On-site clarification trials were undertaken to investigate the effectiveness of the Fenton 391 
oxidation process and variants of this process to remove colour from sugar cane juice.  Sugar 392 
cane juice colour is usually measured at pH 7.0 but additional information about the nature of 393 
the colourants present may be obtained at pH 4.0 and 9.0.  Colour measured at pH 4.0 suggests 394 
the presence of high molecular weight colourants, while colour at pH 9.0 is essentially due to 395 
the presence of colour precursor, phenolic and flavonoid compounds.   396 
Clarification Results 397 
 The settling rate of the flocs for all tests was extremely slow.  This may be due to the presence 398 
of high starch levels as no incubation was carried out for the naturally occurring α–amylase 399 
enzymes to break down the starch (30).   400 
Table S1 shows the clarification performance results of No. 2 mill juice, mixed juice and 401 
primary juice obtained from the trials.  In addition to the modified Fenton process 402 
(Fe(II)/Al(III)/H2O2), Fe(III) was trialled in place of Fe(II) as it has been previously reported 403 
that Fe(III) can be readily used as a chelant and oxidant to create flocs for effective juice 404 
clarification (16). 405 
Excellent clarified juice turbidity values (3–9 TU) was obtained with primary juice treated with 406 
both modified Fenton and Fenton-like processes, though the turbidity of the control was lower 407 
(Table S1).  For this type of juice, the modified Fenton process with Fe(II) gave a lower 408 
turbidity (4.6 TU) than the modified Fenton-like process containing Fe(III) (9.4 TU).  The 409 
reverse trend was observed for the clarified juices obtained from No. 2 mill juice and mixed 410 
juice. The turbidity values obtained with Fe(II) (Tests 5 and 7) were unacceptably high.  This 411 
may simply be that Fe(III) is a more effective coagulant than Fe(II) (31). 412 
The sizes of the flocs formed by visual assessment with both modified Fenton and Fenton-like 413 
processes were smaller than those formed by the normal clarification process.  Similar mud 414 
heights (except Test 9) were obtained for the different types of juices with the different Fenton 415 
treatments (Table S1). 416 
Inorganic Ion Composition Results 417 
Table 4 shows the inorganic ion composition of the clarified juices.  The trends in the 418 
proportions of the inorganic ion concentrations were similar for both modified Fenton and 419 
Fenton-like processes on each type of factory juice tested.  Interestingly, the modified Fenton-420 
like process with Fe(III) (Tests 2 and 4) significantly produced less residual Al and Fe than the 421 
modified Fenton process with Fe(II) (Tests 1 and 3).  However, the treatment of primary juice 422 
with Fe(III) (Test 6) compared to Fe(II) (Test 4) resulted in improved Fe removal but increased 423 
Al content.  This may simply be due to the lower turbidity (except Test 6 for Al) obtained with 424 
Fe(III) treated juices, and as a consequence of the type and nature of the calcium phosphate 425 
flocs formed.  This is reflected in the lower levels of P (except for Test 6) and Ca obtained for 426 
these treated juices.  Therefore, it is presumed that the modified Fenton-like process with 427 
Fe(III) does not interfere in the precipitation of calcium phosphate to the same extent as the 428 
Fe(II) treated juices.  Additions of Fe(III) (Tests 2, 4 and 6) appear not to boost the S content, 429 
are better with Ca content and have less residual Fe content than that of Fe(II) additions (Tests 430 
1, 3 and 5). 431 
The addition of Fe(II) as FeSO4·7H2O contributed to the increase in S levels in juices treated 432 
with Fe(II) (Table 4).  The salts FeSO4·7H2O, FeCl3 and AlCl3·6H2O are acidic in nature and 433 
their addition to juice reduced the pH.  This resulted in an increase in the amount of lime 434 
saccharate added to reach the pH set point for clarification.  The effect of this is an increase in 435 
the soluble Ca content (Table 4) of the juices treated with these reagents compared to the 436 
control experiments where these reagents were not used.  The modified Fenton and Fenton-like 437 
processes show reductions in Si content in all juice types compared to the control (Table 4).  438 
This is probably due to the formation of insoluble aluminium-silicate compounds during 439 
clarification (32). 440 
Purity and Reducing Sugars Results 441 
During raw sugar manufacture, sucrose loss through inversion to glucose and fructose, and 442 
degradation to organic acids are minimised by working within the desired pH ranges.  The 443 
values in Table 5 indicate that no significant changes to the purity levels occurred in the 444 
clarified juice due to the treatment using both the Fenton and modified Fenton processes when 445 
compared with the control.  However, there were increases in the levels of glucose (≤ 14%) 446 
and fructose (≤ 9.0%) indicating some sucrose degradation. 447 
Colour Results 448 
Sugar cane juice colour is usually measured at pH 7 but additional information about the nature 449 
of the colourants present is obtained at pH 4.0 and 9.0.  The colour measured at pH 4.0 suggests 450 
the presence of high molecular weight colourants, while colour measured at pH 9.0 is 451 
essentially due to the presence of colour precursors, phenolic and flavonoid compounds.   Table 452 
6 shows significant colour present in the clarified juice of No. 2 mill juice obtained via the 453 
normal clarification process compared to the juices clarified from mixed and primary juices 454 
(33).  There are increases in the colour measured at pH 4.0 (37–45%) and pH 7.0 (11–21%) for 455 
No. 2 mill juice treated by the modified Fenton and Fenton-like processes relative to the control 456 
(Table 6).  The colours in clarified mixed and primary juices measured at pH 4.0 and pH 7.0 457 
respectively follow similar trends as the clarified No. 2 mill juice.  However, the colour levels 458 
measured at pH 9.0 for the clarified No. 2 mill juice decreased significantly for the modified 459 
Fenton process with Fe(II) (Test 1) and with Fe(III) (Test 2) by 42% and 38% respectively 460 
relative to the control.  There are also decreases for the colour measured at pH 9.0 for clarified 461 
primary juice (≤ 26%) using the modified Fenton and Fenton-like processes.  The drop in colour 462 
at this pH was only marginal with clarified mixed juices.   This means that while the Fenton 463 
and modified Fenton process are able to breakdown low molecular weight colourants in juices, 464 
they are practically ineffective on the high molecular weight colourants.  The reason why these 465 
treatments are ineffective on mixed juice is not known. 466 
As pH significantly affects the molecular structure and association-dissociation equilibria of 467 
the colourant types in sugar process streams, it is possible to determine the different 468 
mechanisms of colour formation taken place during processing by measuring the indicator 469 
value (IV) (34).  The IV is the ratio of colour at pH 9.0 to that at pH 4.0 and reflects on the pH 470 
sensitivity of the colourants present in sugar process streams (3).  A decrease in IV value 471 
implies a higher proportion of high molecular weight colourants and may be attributable to the 472 
Maillard and/or caramelisation reactions taken place.  The IVs of all the treated juices were 473 
lower (4.6–5.9) than their respective control samples (6.5–12).  This indicates and confirms 474 
that the modified Fenton and Fenton-like processes are effective in breaking down low 475 
molecular weight colourants in sugar cane juice. 476 
The modified Fenton-like process with Fe(III) (Tests 2, 4 and 6) show slightly higher colour 477 
than the corresponding process with Fe(II) (Table 6).  This is attributable to the slower rate of 478 
H2O2 decomposition to the active •OH radical necessary for the degradation of colourants, 479 
when the more stable Fe(III) is used in place of Fe(II) (35-37).  Also, as the total amount of 480 
iron in juice is approximately 10–20 ppm on juice (38) and is present as Fe(III), the optimum 481 
working molar ratio of Fe(III) and H2O2 was not used in these studies. 482 
The modified Fenton and Fenton-like processes resulted in a decrease in colour at pH 9.0, but 483 
this decrease was offset by an increase in colour at pH 4.0 and pH 7.0.  As stated previously, a 484 
decrease in colour at pH 9.0 indicates a reduction in flavonoids and phenolics, and these 485 
colourants have a major influence on raw sugar colour inclusion into the crystals of raw sugar 486 
(39-42).  However, the major contributors to the impurities and colour in the raw sugar lie in 487 
the molasses layer of the surface of the crystals. 488 
The crystallisation of raw sugar, if ideal, rejects all impurities from the crystal structure. In 489 
practice, impurities are trapped (layered in) within the crystalline structure, co-crystallised with 490 
sucrose into the crystal lattice.  As well, some impurities are present in gross molasses 491 
inclusions within the crystal, and a good deal are left as the molasses or syrup film around the 492 
crystals.  Little firm data is available on these aspects, particularly in relation to the relative 493 
magnitude of the layering effect and the impurity inclusion effect. 494 
The inherent colour in the modified Fenton and Fenton-like processes on its own has minimal 495 
absorbance at 420 nm where colour is measured.  However, in the presence of a colourant or 496 
colour precursor compound (e.g., CaA), the colours of the clarified juices are inflated (41).  It 497 
should therefore be noted that although reduction in colour at pH 7.0 (the usual measurement) 498 
of the clarified juice were not obtained with the modified Fenton and Fenton-like processes, 499 
significant colour reduction may have been realised if clarified juices were furthered processed 500 
to raw sugar, based on the aforementioned observations.  Such an investigation should be 501 
undertaken in future research work, as well as the impact of the treatment on overall sugar 502 
yield, purity and taste. 503 
 504 
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  612 
FIGURE CAPTIONS 613 
Figure 1 614 
Typical HPLC-FLD chromatogram (fluorescence detection at λex = 350 nm and λem = 445 nm) 615 
of the melanoidin-HCA mixture in sucrose solution (15% (w/w)) before and after modified 616 
Fenton oxidation (t = 2 min) at pH 5.6 and 35 °C. 617 
Figure 2 618 
Typical HPLC-DAD chromatogram (UV/Vis detection at 280 nm) of the melanoidin-HCA 619 
mixture in sucrose solution (15% (w/w)) before and after modified Fenton oxidation (t = 2 min) 620 
at pH 5.6 and 35 °C.  1 = CaA, 2 = pCoA, 3 = FeA. 621 
  622 
TABLES 
Table 1 Coded and actual values of the experimental design. 
   Coded Levels of Parameters 
Notation Factor Unit –2 –1 0 +1 +2 
A (x1) Melanoidin mg/L 0 500 1000 1500 2000 
B (x2) Total HCA mg/L 0 50 100 150 200 
C (x3) pH  4.50 4.88 5.25 5.63 6.00 
D (x4) FeSO4·7H2O mg/L 86.0 238 389 541 692 
E (x5) AlCl3·6H2O mg/L 0 100 200 300 400 
 
Table 2 Optimised conditions under specified constraints for the degradation of 
melanoidin (2,000 mg/L) and total HCA (200 mg/L) in sucrose solution (15% (w/w)) at 35 
°C; and model verification.* 
 Experiments 
 Optimum Fenton Only Worst Case 
pH 5.1 5.1 6.0 
FeSO4·7H2O (mg/L) 626 626 404 
AlCl3·6H2O (mg/L) 265 0 151 
Melanoidin degradation (%) 69 (71) 63 (65) 62 (66) 
Total HCA degradation (%) 53 (56) 47 (49) 40 (42) 
Desirability 0.890 0.425 0.765 
*Values in parentheses indicate model predicted % degradation for the melanoidin and total 
HCA models.  Measurements were conducted in triplicate.   
RSD was < 5.0%. 
  
Table 3 Optimised conditions under specified constraints for the decolourisation of 
synthetic juice mixtures containing melanoidin (2,000 mg/L), HCA (200 mg/L) and 
sucrose (15% (w/w)) at 35 °C, and model verification.* 
 Experiments 
 Optimum Fenton Only Worst Case 
pH 5.3 5.3 4.5 
FeSO4·7H2O (mg/L) 289 289 400 
AlCl3·6H2O (mg/L) 322 0 350 
Decolourisation (%) 43 (42) 24 (25) –109 (–113) 
Desirability 0.825 0.851 0.936 
*Values in parentheses indicate model predicted % degradation for the decolourisation 
model.  Measurements were conducted in triplicate.   
RSD was < 5.0%. 
 
 
  
Table 4 Inorganic ion composition results clarified factory juices from processing 
lines at Isis Central Sugar Mill (Childers, QLD, Australia).* 
 Concentration (mg/kg on TSS) 
Test Na Mg Al Si P S K Ca Fe 
No.2 Mill juice 
Untreated 44 694 38 188 706 1,050 8,000 341 45 
Control 75 533 5 130 272 1,090 7,720 663 9 
Test 1 92 640 49 128 302 1,740 8,840 1,510 267 
Test 2 61 459 36 82 247 929 7,770 1,000 68 
Mixed juice 
Untreated 18 719 11 79 676 1,370 5,970 568 9 
Control 26 676 2 169 115 1,760 6,350 878 2 
Test 3 25 659 11 94 152 2,030 6,300 1,230 67 
Test 4 43 809 7 125 132 1,990 7,350 1,180 18 
Primary juice 
Untreated 108 758 8 133 600 1,330 6,920 917 7 
Control 133 741 3 170 133 1,560 7,110 1,260 4 
Test 5 136 728 8 136 112 2,080 7,120 1,680 70 
Test 6 129 694 19 145 194 1,450 7,180 1,530 33 
*% RSD was < 5.0% 
  
Table 5 Purity and reducing sugar results on clarified factory juices from 
processing lines at Isis Central Sugar Mill (Childers, QLD, Australia).* 
 Reducing Sugar Content % (w/w)  
Test Glucose Fructose Purity (%) 
No. 2 Mill juice 
Untreated 0.09 0.07 83.8 
Control 0.04 0.04 90.5 
Test 5 0.27 0.25 89.5 
Test 6 0.26 0.23 89.9 
Mixed juice 
Untreated 0.21 0.35 82.3 
Control 0.06 0.05 92.8 
Test 7 0.26 0.23 90.9 
Test 8 0.27 0.24 92.8 
Primary juice 
Untreated 0.09 0.09 86.9 
Control 0.07 0.09 92.3 
Test 9 0.21 0.18 91.5 
Test 10 0.18 0.16 91.9 
*% RSD was < 5.0% 
  
Table 6 Colour results on clarified factory juices from processing lines at Isis 
Central Sugar Mill (Childers, QLD, Australia).* 
 Colour (IU)  
Test pH 4 pH 7 pH 9 IV 
No. 2 Mill Juice 
Untreated 9,120 18,400 72,400 8.0 
Control 5,250 14,200 63,300 12 
Test 1 7,200 15,800 36,600 5.1 
Test 2 7,600 17,200 39,100 5.1 
Mixed Juice 
Untreated 3,560 8,830 22,300 6.3 
Control 3,990 9,020 25,900 6.5 
Test 3 4,230 10,800 23,800 5.6 
Test 4 5,310 11,600 24,200 4.6 
Primary Juice 
Untreated 4,220 9,660 31,700 7.5 
Control 4,000 8,620 33,700 8.4 
Test 5 4,710 9,050 24,900 5.3 
Test 6 4,490 10,300 26,400 5.9 
*% RSD was < 5.0% 
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